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PREFACE

The U.S. Army Research Laboratory (ARL) as an ongoing effort to analyze the kinetics of

inforced plastic (GRP) composite when impacted by a kinetic energy penetrator.
This work documents the time-derived dynamlc deformation of the rear composite when impacted
by nonperforating L/D 3.2 tungsten penetrators (17 mm ¢ x 55 mm, 214 g) at impact velocities
of about 1,000 m/s. This research was conducted for ARL by the Fraunhofer-Institut fir
Kurzzeitdynamik Emst-Mach-Institut, Weil am Rhein, Germany, between September 1993 and
May 1995. The images were obtained with the state-of-the-art, high-speed photographic
capability available at the Ernst-Mach-Institut, specifically two 24-spark Cranz-Schardin cameras.
This equipment allows observation of up to 24 time-derived images at predetermined time
intervals of less than 1 us, if desired. In this analysis, the time intervals were increased to allow
observation of the dynamic bulging of the rear GRP/composite in both the horizontal and vertical
planes over long time intervals of up to 1,800 us. The composite panels were of two
sizes—300 mm x 300 mm and 600 mm x 600 mm—and were attached to the steel test frame by
different techniques. One goal of this work was to examine the effect of panel size and
attachment techniques on the dynamic bulge. From these data, the time delay of the initial
bulging of the rear face of the composite, the bulge velocity, and maximum buige height could
be determined. Since the majority of these tests were nonperforating impacts and the penetration
velocity of this projectile into the ceramic is known, further insight into the kinetic transfer to the

composite is possible.

This ARL report provides a greater dissemination of the final report of Contract DAJA 45-93-C-
0045, prepared for the European Research Office (ERO) of the U.S. Army, which oversaw the
contract for the Armor Mechanics Branch, Terminal Effects Division, Weapons Technology
Directorate of ARL. The Armor Mechanics Branch would like to specifically thank Dr. Roy
Reichenbach of ERO for his assistance in this matter.

The Armor Mechanics Branch would also like to acknowledge the long-term professional
interaction with Mr. Senf and Mr. Strafiburger, which has led to many fruitful technical exchanges
during the course of this work.

Any questions or request for clarifications can be directed to Mr. William Gooch, Armor
Mechanics Branch, (410) 278-6080.
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introduction

Modern armour components usually consist of several layers of various materi-
als with different functions. The backing layer at the rear has to qunnnrf the

front layers and to defeat the residual projectile and fragments generated during
penetration. in order to fuifili these requirements the backing material must
exhibit not only a high strength but also a sufficient stiffness. Appropriate non-
metallic materials for this purpose are for example fiberglass reinforced plastics

{(GRP). It is not only necessary to know if the projectile is stopped but also how

LR L2 P02 D 1o} | e e -

much the armor is bulged during impact in order to guarantee the protection of
the crew of an armored vehicie or the eiectronic equipment behind the armor.
Since there is only very little data available on the ballistic performance GRP and

composites with a GRP layer it was of great interest to generate a set of data
on the kinetics of ceramic/GRP targets under impact Parhmllarlv the influence

LA N L A LS [ A LA A= 1)

of the size of the backing GRP panels on the performance of the targets was
investigated in this study.

2 Experimental Program and Results

Four 12" x 12" x 1.5" GRP (Glass Reinforced Plastics) panels with a 152 mm x
152 mm x 40 mm aluminumoxide tile attached and three 24" x 24" x 1.5" GRP

nanale with 162 mm v 162 mm v AN mm ahiimina tilaee attarhad tn aarh waoarna
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delivered to EMI for ballistic testing. The GRP Ilaminates were S-2
Glass/Polyester fabricated by Simula Incorporated of Phoenix, Arizona, USA.
Simula also glued the ceramic tiles to the S-2 glass using standard assembly
techniques to maintain a consistent bond-interface thickness. The ceramic tiles

wrara ranfinad hu a steel frame of 22 mm thickness. The thickness of the enoxy
LA AYIRVERWLVIEERINA™LY | (s B S vy g | T84T BN, NJI e BBEDDA LETINAING IV IJ e R I INT Wl W L1 I \IH 7

joint between the tiles and the confinement was approximately 2 to 3 mm.
During the tests the Ceramic/GRP panels were fixed to a steel frame by screws.

in all experiments the 55 W hemispherically nosed tungsten alloy penetrator

was used. The lenat h of the nroiectile is BE mm. the diameter 17 mm and the
YVOao Uovu. IV IWiiyLll Vi UV PIVIOWLIID g Ww T,y LT uidiiiv o (AN R IR =R LY YN

mass is 214 g. The impact velocities were chosen close to the ballistic limit,
which was expected to be 1076 m/s. The ballistic limit velocity was determined
from parametric tests conducted by the U.S. Army Research Laboratory,
Aberdeen Proving Ground, Maryland, USA.

A schematic of the experimental configuration is shown in Figure 2.1. The
buiging of the GRP paneis was observed by means of two Cranz-Schardin cam-
eras in side view and top view simultaneously. In order to determine the yaw

one free flight photograph was taken of each projectile at a distance of about
B0 cm to the target. Table 2.1 provides the ex

nerimental data of all the tests
WS Il W LT Lu'v P & ] 'J v (S L) UI\'JVII -
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Schematic of the experimental configuration

Figure 2.1



Table 2.1  Experimental data

Shot No. vp [Mm/s] Target Yaw
10968 1007 Cer/GRP 24"x24" 0
10997 994 Cer/GRP 24"x24"

11000 1091 Cer/GRP 24"x24" 0]

10973 991 Cer/GRP 12"x12" 2.3
10994 959 Cer/GRP 12"x12" 4.4
10998 1001 Cer/GRP 12"x12" 34
10999 997 Cer/GRP 12"x12" -

Shot No. 10968

In order to be able to observe the beginning of the bulging the heads of the
screws which fixed the GRP panel to the steel frame were countersunk into the
GRP. Figure 2.2 shows the complete series of shadowgraphs from the horizon-
tal and the vertical camera. The time intervals were 20 uys between the photo-
graphs 1 to 15 and 50 us between the last 5 photographs. The corresponding
distance-time plots of the bulge at the rear side of the GRP panel are shown in
Figure 2.3.

The average velocity of the rear of the panel rises up to about 250 m/s and
decreases to a few m/s during the first 300 us after impact. The maximum
height of the bulge is 35 mm during the time of observation. A static bulge of
15 mm height remained. Photographs of the target (Figure 2.4) show a delami-
nation in the rear nalf of the GRP panel. This delamination could possibly be
caused by the countersinking of the screws, so that the layers in the rear part
of the panel were not pressed together and to the steel frame.




Figure 2.2 Shadowgraphs of Shot No. 10968, side view, vp
Cer/GRP 24" x 24", total time 530 us
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Figure 2.3 Distance-time curves of Shot No. 10968
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a) Impacted side

b) Side view, showing the delamination

Figure 2.4 Photographs of the impacted target, Shot No.

10968




Shot No. 10997

In this experiment the GRP panel was clamped to the steel frame in full thick-
ness and bigger washers than in Shot No. 10968 were used. Furthermore, the
total time of observation was extended to 1.95 ms. The time intervals between
the photographs 1 to 10 were 50 ys, 100 ys between photographs 10 to 15,
and 200 us between the last frames. The series of shadowgraphs are shown in
Figure 2.5, the corresponding distance-time plots are provided in Figure 2.6.
The distance-time histories of this shot and Shot No. 10968 are well matched.
The bulge reaches its maximum height of 35 mm between 300 us and 400 us
after impact which is also in agreement with the first shot. Between 600 us and
700 us after impact the bulge begins to decrease. A displacement of 27 mm of
the rear of the panel is observed after 1950 us. The static bulge that remains
has a height of 15 mm. No delamination of the GRP panel is visible from outside
which is illustrated by the photographs of the target shown in Figure 2.7. The
residual projectile has a mass of 47.7 g and a length of 15 mm.

Shot No. 11000

The first two tests of the 24" x 24" GRP panels yielded a complete path-time
history of the bulging process with no failure of the target. Therefore, it was
decided to perform the third experiment at a higher impact velocity in order to
test the potential protective strength of this target. Figure 2.8 shows the series
of shadowgraphs. The time intervals between the photographs were 50 us. The
corresponding distance-time plot derived from the recording of the vertical
camera is shown in Figure 2.9. The shadowgraphs reveal that the projectile
perforates the target between 200 us and 250 us after impact.The blunted nose
of the residual projectile seems to be visible in the center of the photographs
no. 6 and 7. The residual velocity determined from these two images is
~ 640 m/s. Figure 2.10 shows photographs of the target.




Y
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Figure 2.5 Shadowgraphs of Shot No. 10997, side view, vp = 994 m/s,

Cer/GRP 24" x 24", total time 1950 us




Figure 2.5 Shadowgraphs of Shot No. 10997, top view
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a) Impacted side

b} Side view, no delamination visible
Figure 2.7 Photographs of the impacted target, Shot No. 10997
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Side view Top view

Figure 2.8 Shadowgraphs of Shot No. 11000, vp = 1091 m/s,

Cer/GRP 24" x 24"
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Figure 2.9 Distance-time curve of Shot No. 11000
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a) Impacted side

b) Side view

Figure 2.10 Photographs of the impacted target, Shot No. 11000
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Shot No. 10973

In the first shot against a 12" x 12" target the heads of the screws were also
countersunk into the GRP. The shadowgraphs (Fig. 2.11) show a much stronger
bulging in comparison to the 24" x 24" panels. The time intervals were 30 us
between the photographs 1 to 15 and 60 uys between the last photographs. A
cloud of particles that have been detached from the rear of the small GRP panel
can be recognized from picture no. 8. The contour of the cloud, which probably
consists of epoxy particles, corresponds to the form of the bulge in an earlier
stage.

From the distance-time curves (Fig. 2.12) it can be derived that the average
bulging velocity is about 225 m/s during the first 200 ys and about 20 m/s
afterwards. The particle cloud becomes visible approximately at the time when
the decrease in the bulging velocity is observed. The inspection of the target
revealed that four layers of the glass fiber were completely detached from the
rear of the panel. The photographs of the target (Fig. 2.13) show a strong
delamination of the GRP panel. Many layers are torn out at the screws or pulled
over the washers, which were only slightly bigger than the screw heads.

Shot No. 10994

In the second experiment with a 12" x 12" target the bolts were not counter-
sunk in order to guarantee that the GRP panel was completely fixed to the steel
frame. The test was conducted at a striking velocity vp = 959 m/s. Figure 2.14
shows the shadowgraphs which were taken in time intervals of 50 ys from pic-
ture no. 1 to no. 10, 75 us from picture no. 10 to no. 15, and 100 us between
the last pictures. A strong bulging can be recognized which continues during
the total time of observation (1325 us). The distance-time plots displayed in
Figure 2.15 show that the average velocity of the rear of the panel decreases
from about 210 m/s to about 40 m/s after more than 1 millisecond. The photo-
graphs of the target (Figure 2.16) reveal that the GRP panel was also severely
damaged by delamination in the rear half and that many layers were torn around
the heads of the bolts. The projectile did not perforate the target. However, the
result has to be regarded as target failure.

16




Figure 2.11

Shadowgraphs of Shot No. 10973, side view, vp = 991 m/s,
Cer/GRP 12" x 12", total time 730 us
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Figure 2.11

Shadowgraphs of Shot No. 10973, top view
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Figure 2.12 Distance-time curves of Shot No. 10973
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Figure 2.13 Photographs of the imbacted target, Shot No. 10973
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Figure 2.14 Shadowgraphs of Shot No. 10994, side view, vp = 959 m/s,
Cer/GRP 12" x 12", total time 1325 us
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a) Impacted side

b) Side view, showing the delamination

Figure 2.16 Photographs of the impacted target, Shot No. 10994
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In order to prevent GRP layers from being pulled over the nuts a steel frame of
10 mm thickness and 50 mm width was additionally clamped to the rear of the
GRP panel. The test was conducted at vp = 1001 m/s. From the shadowgraphs
(Figure 2.17) it can be recognized that the projectile perforated the target. The
time intervals between the first ten photographs were 50 uys. Perforation occurs
between pictures no. 6 and 7, i. e. between 300 us and 350 us after impact.
The bulge is only a few millimeters higher than in Shot No. 10994 at the time of

the breakthrough of the projectile. Since no flash X-ray equipment was

e —a al o ta [P Y = A

employed in this, test the residuai veiocity of the projectile couid not be deter-
mined. Only an estimate of the expansion velocity of the debris cloud could be
derived from the distance-time plots which are displayed in Figure 2.18. Photo-
graphs of the target are shown in Figure 2.19. The steel frame at the rear side
of the GRP was also strongly deformed. The edges of the frame which were in
contact with the GRP were rounded to prevent shear failure. The GRP did not
fail at these sites. It is assumed that the possibility to absorb energy by elastic
and plastic deformation of the GRP panel was reduced too much by the steel
frame, which led to the perforation.

Shot No. 10999

In order to allow sufficient bending of the panel and to prevent GRP layers from
being pulled over the nuts triangular shaped steel plate of 10 mm thickness
were used instead of washers in the corners of the panel. Bigger washers were
used at the central bolts. These modifications can be seen from the photographs
of the target which are presented in Figure 2.22. The test was conducted at vp
= 997 m/s. The shadowgraphs in Figure 2.20 show that the maximum bulge
height was reached during the time interval of observation. This can be seen
more clearly from the distance-time plots shown in Figure 2.21. The maximum
displacement of the panel was 102 mm and was reached at about 1350 us after
impact. The height of the residual static bulge is 54 mm. The photographs of
Figure 2.22 show delamination and that GRP layers were also torn around three
of the central screws in this test.
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Side view ' Top view

Figure 2.17 Shadowgraphs of Shot No. 10998, v, = 1001 m/s,
Cer/GRP 12" x 12" '
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Figure 2.20 Shadowgraphs of Shot No. 10999, side view, vp = 997 m/s,
Cer/GRP 12" x 12", total time 1950 us
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a) Back side ‘

b) Side view
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3 Summary

Ceramic/GRP composites were impacted near their ballistic limit velocity with
tungsten alloy projectiles. The bulging of the GRP panels was observed by
means of two Cranz-Schardin cameras and the distance-time histories of the
bulges were derived from the high-speed recordings.

In the case of targets with a GRP backing of the size 24" x 24" the projectile (vp
= 994 m/s) could be stopped without visible delamination of the GRP panel.
The maximum height of the bulge was 35 mm and was observed between
300 ys and 400 us after impact. The remaining static bulge had a height of
15 mm.

The 12" x 12" GRP panels exhibited a much stronger deformation. The bulge
reached a height of about 100 mm after 1.35 ms and a static bulge of 54 mm
height remained. Delamination of the GRP panel could not be prevented and part -
of the layers were torn around the bolts that fixed the target.

In Shot No. 11000, where the projectile perforated the target, a residual
velocity of ~ 640 m/s was measured. if this veiocity were taken as an estimate
of the penetration velocity the time to penetrate the ceramics would be 62 us at
most. A bulging of the GRP panels could be recognized for both the 12" panels
and the 24" panels not before ~ 50 us after impact. That means that at the time
when the bulge begins to form the projectile has already penetrated most part
of the ceramics and is strongly eroded. The bulging appears therefore to be
primarily caused by the residual projectile. This means that the ceramic tiles are
supported by the GRP during penetration for both sizes of the panels. However,
the 24" panels can absorb more energy by elastic and plastic deformation and
exhibit therefore much less damage after impact.
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